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ONE OF THE SOUTHWEST’S MOST PRESSING PROBLEMS IN MANAGEMENT concerns regeneration of 
ponderosa pine (Pinus ponderosa Laws.), particularly after catastrophic fires. Several factors contribute. Conventional 
planting must be delayed until summer rains begin, about mid-July, which causes a short growing season. Also, long 
distances from the nursery, unavoidable lack of coordination between times of lifting and planting, and inability to 
predict future needs often result in a planting stock of poor quality for the forest manager. Alternatives to 
conventional planting, such as direct seeding and local transplantation of natural seedlings, have been tried with 
limited success. A potential compromise to the entire problem of regeneration seems possible. 


THE CANADIANS INTRODUCED THE 
CONCEPT of tubed seedlings for regeneration of red 
pine (Pinus resinosa Ait.), white pine (Pinus strobus L.), 
and black spruce (Picea mariana (Mill.) B.S.P.). Briefly, 
seeds are germinated in split plastic tubes, about 3 
inches by 9/16 inch, filled with soil. On site seedling 
development, under a modified environment, continues 
for about 6 to 8 weeks. Subsequently, the entire tubed 
seedling is planted. The potential advantages for this 
type of regeneration seem numerous. 

Because of low fertility of many Southwest soils, it 
was thought that altering the nutrients of the tubed 
seedling could enhance capability of the soil for future 
growth, especially after planting. Unfortunately, most 
fertility studies with ponderosa pine were conducted 
with periods of growth of a year or more, which is 
unrealistic when one considers that the entire growing 
season of planted pine may be from 10 to 20 weeks. 
Therefore, before the initiation of the field regeneration 
studies, a series of experiments was conducted to 
ascertain the effect of added nitrogen, principally in two 
ammonium forms, on the development of young 
ponderosa pine seedlings. 


LITERATURE REVIEW 


Underlying the study of nitrogen in ponderosa pine 
development is the nature of soil nitrogen. Alexander’s 
(1) presentation of the basic nitrogen cycle is concise 
(Figure 1). The organic-inorganic transformations of 
mineralization and immobilization take place at points 
A and B, and nitrification and nitrate reduction at C and 
D. Potential nitrogen losses, because of denitrification, 
may occur at E. Nitrogen gains to the cycle may come 
at several points. One such gain is the biological fixation 
of atmospheric nitrogen, symbiotically at G and 
nonsymbiotically at F. A chemical gain as nitrogen 
fertilizer may come at either the NO3- or NH3 
positions, because the individual may select a variety of 
nitrogen fertilizers. 
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Ponderosa pine preference for NH4+ or NO3- is 
difficult to assess. Possibly the fertilizer, which increases 
the turnover of forest litter, may be the most efficient 
to apply (5). Still, the interpretation of studies of source 
preference may be complicated by such factors as 
nitrogen transformations that include microbial activity, 
age of the plant, pH, and soil temperatures. McFee and 
Stone (8) found NH4+ the preferred nitrogen source 
over NO3- at two pH levels, 3.6 and 5.9 and at three 
root-zone temperatures, 12, 20, and 25 degrees C, for 
Pinus radiata D. Don seedlings, grown in short-term 
experiments. Ponderosa pine would likely show the 
same preference for NH4+. A less detailed study, 
supporting this contention, showed that NH4* was the 
preferred nitrogen source for ponderosa pine (17). 

In published reports for ponderosa pine, NH4NO3 
was the exclusive nitrogen source. A study in 1959 
reported a positive response to an application of 200 
pounds per acre of nitrogen, combined with phosphorus 
and potassium, for ponderosa pine seedlings 12 months 
old (14). With a modified factorial design, Youngberg 
and Dyrness (19) studied concentrations of nitrogen, 
phosphorus, and sulfur gn the A and C horizons from 
four soils in the pumice region of Central Oregon. For a 
12-month period of growth, they found highly 
significant linear and quadratic responses for additions 
of nitrogen and sulfur and highly significant interactions 
of nitrogen x sulfur, and nitrogen x phosphorus on all 
horizons of all soils tested. On older ponderosa pine, a 
linear response in height growth was noted for added 
nitrogen concentrations of 0, 200, and 400 pounds per 
acre (13). Reports of nitrogen fertilization on young 
ponderosa pine seedlings are sparse. Steinbrenner and 
Rediske (11) studied the effect of light, temperatures of 
soil and air, humidities, region and quality of soil, and 
nitrogen additions on growth and development of young 
ponderosa pine. Applications of nitrogen at 2 and 6 
weeks that totalled an equivalent of 50 pounds per acre, 
had little effect on growth of ponderosa pine, 10 weeks 
old. As measured by dry-matter production, the data 
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Microbial Cells 


Figure 2. Changes in pH of soil after additions 
of (NH4)SO4 or urea, or with no added 
nitrogen. 


indicated a slight increase in top growth with a 
corresponding decrease in root growth. Steinbrenner 
and Rediske concluded that the other environmental 
variables tested seemed more important in determining 
initial development of ponderosa pine. 

That established pine seedlings can benefit from 
biologically fixed N3 has been documented. Wollum and 
Youngberg (18) showed that the nitrogen contents of 
ponderosa pine, grown in association with snowbrush 
(Ceanothus velutinus Dougl.), a known N3 fixer, were 
higher than that of pine seedlings grown in the open. Of 
course, this nitrogen would become available only after 
mineralization of the organically bound N in the 
snowbrush litter. Conflicting evidence has accumulated 
for the role of nonsymbiotic N2 fixation in pine 


Figure 1. Generalized nitrogen cycle for 
terrestrial ecosystems. A, Ammonification, 
Mineralization; B, Immobilization; C, 
Nitrification; D, Nitrate reduction; E, 
Denitrification; F, N, fixation, symbiotic; G, 
N3 fixation, nonsymbiotic. 
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seedling nutrition. Nonsymbiotic Nz fixation may be 
stimulated in the vicinity of mycorrhizal roots of some 
pine species (10, 12). The importance of this 
stimulation around mycorrhizal roots of ponderosa pine 
is not directly evident, however. 


MATERIALS AND METHODS 


Environmental Conditions 

The seeds were from either New Mexico (Santa Fe 
National Forest) or Arizona (Coconino National 
Forest). The two soils were collected in the Zuni 
Mountain area of northwestern New Mexico. 

Soils. The A1 horizons of the two soils were tested. 
Both these soils, Fortwingate and Osoridge, are 
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members of the hapludic Eutroboralf subgroup and the 
fine, montmorillinitic family. Each soil originated on 
the Glorieta sandstone formation, with the Fortwingate 
moderately deep. and the Osoridge shallow. Also, the 
Osoridge soil contains more stones and has a less distinct 
A2 horizon than the Fortwingate soil. 

Plant Culture. All tests were conducted in 
replicated culture tubes, 29 by 200 mm. Each tube 
contained about 20 grams of gravel at the bottom to 
assure adequate drainage and 80 grams of soil. About 
five or six ponderosa pine seeds were sown in separate 
tubes and covered with a thin layer of sand. 
Germination commenced about 1 week after sowing and 
continued for an additional week. Then the tubes were 
uniformly thinned to one seedling per tube. Time zero 
always corresponded to the time of thinning, or 2 weeks 
past sowing. 

Treatments were made with respect to time zero, 
and all nitrogen sources consisted of reagent grade 
(NH4q4)2SOq, or urea. 

All plants were grown under a uniform 
environment of a 15-hour day of about 3,500-foot 
candles, a constant root temperature of 22 degrees C, 
and diurnal day-night temperatures from about 26 to 20 
degrees C. According to Steinbrenner and Rediske (11) 
and Larson (7), these conditions approach optimum for 
maximum development of root and top for ponderosa 
pine. 


Chemical Techniques 

Total plant nitrogen was determined by a 
modified, micro-Kjeldahl technique to include NO3= 
(18). 

Soil samples were extracted with a IN solution of 
K»SO4 and the NH4+t, NO2. and NO3- were 
determined on extracts, according to the procedures of 
Keeney and Bremner (6). Where appropriate, urea was 
determined on the K»SOq4 extract by the procedure of 
Watt and Chrisp (15). 

The estimation of No fixation was obtained by the 
Cally reduction technique for the assay of the presence 
of nitrogenase as reported by Hardy et al. (4), but with 
modifications. 


SUMMARY 


In an attempt to understand the relation between 
growth and nitrogen utilization in young ponderosa 
pine, seedlings were grown under several different 
regimes of added nitrogen. Early growth was effectively 
stimulated by nitrogen from (NH4)SO4. And the 
top/root (T/R) ratio was not affected adversely. 
Conversely, equivalent amounts of nitrogen, applied as 


urea, caused considerable mortality on seedlings less 
than 6 weeks old. Responses to nitrogen were 
influenced by seed source. Growth of New Mexico 
seedlings was increased by (NHq)2SOq, but not urea. 
For the Arizona seedlings, the growth responses were 
not significantly different between urea and 
(NH4)2S04. 

Various components of the system had utilized and 
transformed the inorganic nitrogen derived from 
fertilizer nitrogen by the end of the sixth week. 
Subsequent nitrogen utilization had to come from the 
mineralization of organic nitrogen. Presumably, only a 
small portion of the initially supplied nitrogen is utilized 
before some process of immobilization takes place. 

The potential contribution of nonsymbiotic N2 
fixation to the total nitrogen economy of ponderosa 
pine was negligible under the conditions of these 
experiments. 


RESULTS 


Studies of plants, seed sources, soils, and 
nonsymbiotic nitrogen fixation provided insight into 
growth and nitrogen utilization of young ponderosa 
pines. 


Plant Studies 

Experimental conditions for the first study were as 
follows: nitrogen source, (NH4)2SO4 and urea: 
Osoridge soil; Arizona seed; and treatment times of 3, 6; 
and 10 weeks. 

All seedlings were grown 10 weeks after treatment 
and were 13, 16, and 20 weeks old at harvesting. 

The top and total dry matter production for 
ponderosa pine was increased by both nitrogen sources 
at all times of application (Table 1). For early 
applications of nitrogen, (NH4)2SOq is clearly the 
preferred source. For seedlings treated at 10 weeks, 
however, neither (NHq4)2SOq4 nor urea was superior. 
Also, older seedlings had a tendency to be more 
responsive than younger seedlings to applications of 
nitrogen. The T/R ratio remained about constant for the 
control seedlings, began to increase on the older 
seedlings treated with (NH4)2SO4 and decreased with 
age for the group treated with urea. Apparently, the 
principal difference between (NH4)2SOq4 and urea on 
these seedlings concerns root growth. Roots of young 
ponderosa pine were more sensitive to 100 ppm of 
nitrogen as urea than to an equivalent amount of 
nitrogen as (NH4)2SO4. The most reasonable 
explanation seems related to a pH sensitivity of the 
young roots. After urea hydrolysis, the NH4+ content 
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Table 1. Influence of Nitrogen Source and 
Seedling Age at Nitrogen Application on 
dry-Matter Production. 


Table 2. Influence of Nitrogen Source and 
Seedling Age at Nitrogen Application on 
Nitrogen Content. 


fF 


Age at 

lication, weeks 
Measurement 
NO NITROGEN ADDED 
Top dry weight, Mg 159 185 
Root dry weight, Mg 129 151 
Total dry weight, Mg 288 336 
Top/root ratio 1.23 1.22 
NITROGEN FROM AMMONIUM SULFATE 
Top dry weight, Mg 235 290 
Root dry weight, Mg 156 223 
Total dry weight, Mg 391 $13 
Top/root ratio 1.51 1.24 
NITROGEN FROM UREA 
Top dry weight, Mg 223 210 
Root dry weight, Mg 104 132 
Total dry weight, Mg 327 342 
Top/root ratio 2.14 1.59 


of urea-treated soils was similar to that of soils treated 
with an equivalent amount of nitrogen supplied as the 
NH4+. The pH of the urea-treated samples, however, 
will increase to about 8.0-8.2 for 7-10 days (Figure 2). 
During the same time, pH of the sample treated with 
NH4+t did not vary significantly from the pH taken 
before treatment. Apparently, roots of seedlings less 
than 10 weeks old are affected by initial pH changes to 
8.0-8.2 in the root zone, although this pH remains only 
a small portion of the entire growth period. 

The nitrogen-content data indicated that the 
nitrogen from (NH4)2SO4 was more readily available 
for uptake than urea nitrogen (Table 2). Also, most of 
the nitrogen additionally utilized is translocated to the 
top, with only a small portion of the additional nitrogen 
retained by the roots. If we assume that all of the 
additional nitrogen in the treated plants came from 
fertilizer, the oldest seedlings were able to recover 75 
percent of the nitrogen from (NH4q4)2SO4 and 56 
percent from urea. Under forest conditions, this figure 
would be much lower and probably approaches the 12 
percent utilization of added nitrogen reported for Scots 
pine (Pinus silvestris L.) by Bjorkman et al.(2). 

In a second experiment, New Mexico seeds were 
sown in the Fortwingate soil and treated with 
(NH4)2SO4 and urea at 1, 3, and 6 weeks. All seedlings 
were 10 weeks old at harvesting. They had been exposed 
to fertilizer nitrogen for 9, 7, and 4 weeks, respectively 
Several different responses were obvious (Table 3). 


Age at 

Nitrogen lication, weeks 
content 

Mg Mg Mg 
NO NITROGEN ADDED 
Top 1.6 5 1.8 
Root TA 1.5 12 
Total 2.8 4.0 50 
NITROGEN FROM AMMONIUM SULFATE 
Top 4.7 6.0 Vad 
Root 23 3.4 3.0 
Total 7.0 9.4 10.5 
NITROGEN FROM UREA 
Top 4.4 3.6 5.4 
Root 2.4 2.3 5.2 
Total 6.8 5:9 8.6 


Early application of urea to seedlings resulted in the 
mortality of 10 of 16 replications of seedlings treated at 
1 and 3 weeks. The sensitivity of root growth of young 
ponderosa pine to urea application was also confirmed. 
Nitrogen added as (NH4)2SO4 was not detrimental to 
either growth or survival of ponderosa pine. Top growth 


Table 3. Influence of Nitrogen Source and 
Seedling Age at Nitrogen Application on 
Dry-Matter Production. 


Age at 
Application, weeks 
1 


Measurement 


INO NITROGEN ADDED 

Top dry weight, Mg 101(8)? 110(8) 109(8) 
Root dry weight, Mg 27 39 36 
Total dry weight, Mg 128 149 145 
Top/root ratio 3.74 2.83 3.01 


INITROGEN FROM AMMONIUM SULFATE 


Top dry weight, Mg 130(8) 115(8) 119(8) 
Root dry weight, Mg 54 43 54 
Total dry weight, Mg 184 158 173 
Top/root ratio 2.39 2.68 2.23 
NITROGEN FROM UREA 

Top dry weight, Mg  110(2) 81(4) 88(8) 


Root dry weight, Mg 38 34 20 
‘otal dry weight, Mg 148 115 108 


op/root ratio 2.88 2.38 4.42 


‘Surviving replications in parentheses. 
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was significantly greater for the seedling treated with 
(NIl4))SO4 than the corresponding control plants. 
Differences in top growth for the other treatments are 
less clear. Contrary to most reports, application of 
nitrogen as (NH4 )2SO4 did not adversely affect the T/R 
ratio during this short-term experiment. 

This was confirmed in a time-course study that 
followed the initial development of seedlings, untreated 
or treated with (NHq)2SOq, and fertilized at time zero 
with an equivalent of 100 ppm of nitrogen. The data in 
Figure 3 indicated that the primary difference during 
the first 6 weeks of growth between treated and 
untreated seedlings is in root growth. Roots treated with 
(NI14)2SOq4 were larger than the control roots after 1 
week und throughout the entire experiment. Increased 
top growth was not observed until after 6 weeks of 
growth. 


Seed Sources 


Seeds from New Mexico and Arizona were sown in 
Osoridge soil. Nitrogen as (NHq4)2SOq and urea was 
added at a concentration of 100 ppm nitrogen at the 
sixth week. The seedlings were grown for an additional 
14 weeks, then harvested. Except for the urea 
treatment, seedlings from New Mexico seed were larger 
than the corresponding seedlings of Arizona seed (Table 
4). Other investigators noted that growth responses were 
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Figure 3. Dry weights of tops and roots of ponderosa 
pine seedlings grown with and without (NH4)2SO4 on 
Fortwingate soil. 


Table 4. Influence of Nitrogen Source and 
Seed Source on Dry-Matter Production. 


Seed source 
Arizona 


INO NITROGEN ADDED 


op dry weight, Mg 179 227 
oot dry weight, Mg 117 178 
otal dry weight, Mg 296 405 
op/root ratio 1.53 122 
INITROGEN FROM AMMONIUM SULFATE 

Top dry weight, Mg 255 319 
Root dry weight, Mg 163 151 
Total dry weight, Mg 418 470 
Top/root ratio 1.56 2.12 
NITROGEN FROM UREA 

Top dry weight, Mg 249 204 
Root dry weight, Mg 143 103 
Total dry weight, Mg 392 307 
Top/root ratio 1.74 1.97 


related to seed size (7). The distribution of the sizes of 
seeds between the two sources was different. The New 
Mexico seed, which includes the seed coat, ranged from 
14.4 to 60.8 mg, with an average weight of 36 mg. The 
average Arizona seed weighed 29 mg and ranged in size 
from 11.2 to 52.4 mg. 

For the 14-week period of growth on the same soil, 
urea was equivalent to (NH4)2S04 as a nitrogen source 
for the Arizona seed. For the New Mexico seed, 
however, (NH4)2SO4 was clearly superior to urea as a 
nitrogen source. The different responses between seed 
sources because of nitrogen are not understood. T/R 
ratios of the Arizona seedlings were not significantly 
affected by nitrogen treatment, but top growth of New 
Mexico seedlings, 14 weeks old and treated with 
(NH4)2SO04, was strongly stimulated, compared to the 
control. 


Soil Studies 

The fate of fertilizer nitrogen, added as 
(NH4)2SO4 and urea, has been studied on both the 
Osoridge and Fortwingate soils and in the presence and 
absence of pine seedlings. As results from these 
experiments are similar, one example from the Osoridge 
soil represents all the experiments. 

Compared to the samples treated with (NH4 )2 S04. 
the content of NH4* in urea samples gradually builds 
up, which corresponds to the hydrolysis of the urea 
(Figure 4). Hydrolysis is completed after 3 days, which 
corresponded to the maximum content of NH4* for this 
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Figure 4. Changes in content of NH4* in the soil after 
additions of (NH4)2S504 or urea, or with no added 
nitrogen. 


soil. In this experiment, losses of NH3 by volatilization 
did not exceed 1 mg for the urea treatment and were 
unmeasurable on other treatments. The NH4* content 
of the samples treated with (NH4)2SOq4 was high from 
the time of treatment. Between the second and fourth 
day, the extractable NH4+ of both samples decreased, 
more rapidly for the urea samples than for the 
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Figure 5. Changes in content of NO3° in the soil after 
additions of (NH4)2SOq4 or urea, or with no added 
nitrogen. 
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(NH4)2SO4 samples. This period of nitrification was 
characterized by the decrease of NH4* and changes of 
NO3° content of the samples. Maximum concentrations 
of NO3° were observed at 28 days for urea samples and 
35 days for (NH4)2SO4 samples (Figure 5). As the 
NO7 concentration rarely exceeded 0.1 ppm 
throughout the experiment, it was not reported. The 
initial transformations of inorganic nitrogen from 
fertilizer nitrogen seemed completed by the sixth week, 
when the results of all treatments approached the 
control. 

The implications of these kinds of nitrogen 
transformations are far reaching. At best, the ponderosa 
pine seedling was in contact with fertilizer nitrogen for 
6 weeks. If all NO3° nitrogen that appeared was from 
the oxidation of (NH4)2SO4, about 40 percent of the 
applied N was nitrified. From this point, a certain 
amount of nitrate nitrogen could be taken up by the 
plant, assimilated by microorganisms, or lost because of 
denitrification. As cultural conditions were not 
conducive to denitrification, losses by denitrification 
were probably negligible. The remainder of the added 
nitrogen could be utilized by the plant, assimilated by 
microorganisms, or immobilized in the organic fraction 
of the soil. The benefits of fertilization, however, may 
last longer than 6 weeks. Immobilized nitrogen is not 
completely lost to the plant, as a certain fraction of the 
organic nitrogen will be mineralized and become 
available for plant uptake. In treated situations, the 
plant could be provided with a slowly available form of 
nitrogen for a considerable time. With the N!5 
technique, Nommick (9) proposed this explanation to 
account for changes of plant nitrogen that occurred 
during the second year on Scots pine after (NH4 )2 804 
additions. The available portion would always decrease, 
however, as a biological stabilization of the nitrogen 
originally added will be progressive (3). 


Biological Nonsymbiotic Nitrogen Fixation 

The application of the technique of C2H2 
reduction in estimates of N2 fixation was discussed by 
Hardy, et al. (4), but two points are pertinent. The assay 
is specific for nitrogenase, a component of all N3 fixing 
systems, and 1,000 times as sensitive as the more 
conventional N! analysis. Rhizosphere samples of 
ponderosa pine grown on Osoridge and Fortwingate 
soils, treated with urea and (NH4)2SO4, and the 
corresponding nonrhizosphere samples were tested for 
potential nonsymbiotic N2 fixing activity (Table S) 

Under the experimental conditions, fixation was 
extremely low for both the rhizosphere and 
nonrhizosphere samples. Webster (16) reported values of 
from 1.34 to 16.5 micrograms N2 fixed/g fresh wt of 
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lable 5. Cəll2-Reducing Activity and Calcu- 
ated Nitrogen Fixation by Nonrhizosphere 
and Rhizosphere Samples on Two Soils. 
Calculated N2 
Amount C2H, fixation 
jitrogen Aer- Anaer- 
added obic obic 
uu moles/ uu/ 
g`'day-? g~!day- 
FORTWINGATE (NONRHIZOSPHERE) 
None 0.230 0.327 232 š.l 
(Nhy ) 2504 0.232 0.292 2.2 2.7 
Jrea 0.397 0.400 K a A 3.7 
FORTWINGATE (RHIZOSPHERE) 
None 4.466 --- 41.7 zac 
(NH, ) 250x 3.203 --- 29.9 --- 
Urea 1.980 --- 18.5 --- 


OSORIDGE (NONRITEZOSPITERE ) 


None 0.291 0.355 2.7 3.3 
(NHy ) 2504 0.221 0.421 2.1 3:9 
Urea 0.241 0.419 263 3.9 


OSORIDGE (RHIZOSPHERE) 


None 4.315 6.951 40.3 64.9 
(NH, ) 250, 1.873 == 17.5 --- 
Urea 0.482 -== 4.5 == 


nodules/hour for alder (Alnus rubra Bong.), bitterbrush 
(Purshia tridentata (Pursh) D.C.), and snowbrush. No 
sample in my study exceeded 64.9 micromicrograms 
N3a/g/day. Whether this represents the maximum 
activity of the samples or not was unknown. 
Extrapolating for the soil values, this would amount to 
about 2 mg N/acre/day fixed. 

Even at this low fixation, a rhizosphere effect was 
noted on both soils. And additions of fixed nitrogen 
repressed the rate of fixation. The long-term significance 
of a continuing low fixation of N2 is unknown today. 
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